Steady-state chemostat cultures of Klebsiella aerogenes growing on a carbon-limited medium were challenged with pulses of carbon sources, and the resultant changes in dissolved oxygen tension were shown to reflect changes in respiration rate. These changes were used to study the kinetics of induction of citrate-oxidizing capacity, which is most probably limited by citrate permease, and the return to the preinduced state. Previously unexposed cells showed a lag phase, the duration of which decreased with increasing growth rate, with a minimum of 10 min, followed by an induction phase of linear increase of citrate oxidation rate which continued as long as citrate was present. The rate of increase in activity, which can be equated to the rate of induction of citrate permease, was independent of citrate concentration but increased with growth rate. Previously exposed cells showed no lag and some residual activity before further induction. The kinetics of return to the preinduced state were unusual in that activity was short-lived with a half-life of 16 to 23 min while the lag took over 8 h to re-establish. The rate of decay of activity decreased with increasing growth rate.
Steady-state chemostat cultures of Klebsiella aerogenes growing on a carbon-limited medium were challenged with pulses of carbon sources, and the resultant changes in dissolved oxygen tension were shown to reflect changes in respiration rate. These changes were used to study the kinetics of induction of citrate-oxidizing capacity, which is most probably limited by citrate permease, and the return to the preinduced state. Previously unexposed cells showed a lag phase, the duration of which decreased with increasing growth rate, with a minimum of 10 min, followed by an induction phase of linear increase of citrate oxidation rate which continued as long as citrate was present. The rate of increase in activity, which can be equated to the rate of induction of citrate permease, was independent of citrate concentration but increased with growth rate. Previously exposed cells showed no lag and some residual activity before further induction. The kinetics of return to the preinduced state were unusual in that activity was short-lived with a half-life of 16 to 23 min while the lag took over 8 h to re-establish. The rate of decay of activity decreased with increasing growth rate.
I N T R O D U C T I O N
The development of reliable dissolved oxygen probes (Mackereth, 1964; Borkowski & Johnson, 1967) has allowed the study of the effects of dissolved oxygen tension (DOT) on microbial metabolism (Harrison, 1976) . Conversely, metabolic effects can change DOT and metabolism can be studied by following these changes ; thus, Harrison & Maitra (1 969) studied the effects on DOT of pulse additions of substrates to steady-state chemostat cultures. In the work reported here, the technique was developed to investigate the kinetics of induction and turnover of citrate-oxidizing capacity in Klebsiella aerogenes. The method relies on an equilibrium established at steady-state between the respiration rate and the oxygen transfer rate to the culture which determines the DOT. The oxygen transfer rate ( N ) is proportional to KLa, the gas transfer coefficient, and ADOT, the difference between the saturation DOT and the observed DOT: N = KLa. ADOT.
If KLa is held constant, ADOT is proportional to the respiration rate, and so changes in respiration rates of steady-state cultures may be monitored by following ADOT. In practice, K,a is adjusted before the experiment so that it is small enough to provide a measurable ADOT for the respiratory changes examined, but large enough to prevent DOT from dropping to a level at which it would affect metabolism, i.e. approximately 1.3 kPa (Harrison, 1976) . K,a may be adjusted by altering the partial pressure of oxygen in the input gas or by changing the stirring and aeration rates. In the latter case, it is necessary to recalibrate the oxygen probe for each new set of conditions to allow for changes in gas hold-up (Votruba et al., 1977) and pressure.
The organism we have used is Klebsiella aerogenes, whose behaviour with respect to oxygen has been closely studied (Harrison & Pirt, 1967; Harrison & Loveless, 1971 a, b ; Paca & Vratislav, 1977) . 
. F. H A R R I S O N M E T H O D S
Organism. Klebsiella aerogenes Type 1 was maintained by subculture in nutrient broth (Oxoid). Continuous culture. The medium used, which gave carbon-limited growth, contained (g 1-l) : glucose, 4.0; Na2HP0,, 3.0; KH2POr, 3.0; (NH4),S04, 3.0; MgS0,. 7H20, 0-2; FeCl,.6H,O, 0-0167; and trace elements (mg 1-I) : CaCl, . H20, 0.66 ; ZnSO, . 7H20, 0.18 ; CuSO, . 5H20, 0.16 ; MnSO, . 4H20, 0.1 5 ; CoCI, . 6H20, 0.18; H3B03, 0.10; Na2MoOr.2H20, 0.3.
Glucose, MgS04 and trace elements were prepared at double-strength in 20 1 batches as component A and acidified with 10 ml concentrated HCl before autoclaving at 121 "C for 50 min. Na2HP0,, KH,P04 and (NH,),SO, were prepared and autoclaved as component B. The two components were pumped separately (Watson-Marlow Flow Inducer) and mixed in the fermentation vessel. FeCI, was filter-sterilized (0.22 pm pore size) before adding to component A.
Cultures were grown in a Biotec FL103 fermentation vessel with a working volume of 2.56 1. The pH was measured using a combination glass/calomel reference electrode (Radiometer, Copenhagen) connected to a 91B pH controller (Electronic Instruments Ltd) and maintained between pH 6.4 and 6.8 by automatic additions of 2 M-HCl and 2 M-KOH. Dissolved oxygen tension P O T ) was measured with a sterilizable oxygen electrode of the Johnson type (Western Biological Equipment) modified by replacing the standard acetate buffer with one containing 150 g K2C03 1-' and 50 g KHCO, I-' . The probe was connected to a 5 kR variable resistance, and the system was calibrated for each set of stirring and aeration conditions to give an ouput of 10 mV corresponding to saturation DOT. This signal was fed to a multiple range potentiometric chart recorder with zero offset facility (Servoscribe 2s, Smith's Industries) which allowed small variations in signal to be amplified and examined. Steady-state DOT was altered by adjusting the stirring speed, controlled by a thyristor motor controller with tachometer feedback (Shackleton System Drives), and aeration rate, controlled by a type MNAF Flostat (G. A. Platon), to be in the range 8.8 to 13 kPa. During experiments, results were discarded if DOT fell below 4.0 kPa.
The temperature was maintained at 30 "C. Temperature control using directly controlled (on/off) heating was unsuitable because the small temperature cycle (approximately +_ 0.1 "C) was amplified by the temperature sensitivity of the oxygen electrode to give an oscillating DOT trace. Temperature was therefore controlled by circulating water at a few degrees above 30 "C, depending on ambient temperature, from a water bath through a heat exchanger in the vessel. A slow temperature drift of up to 0.4 "C was experienced but, although this was reflected by a drift in DOT measurements (up to 5 % over 8 h), it did not interfere with the measurement of short-term variations.
Analytical methods. Oxygen in the effluent gas was determined by passing the gas via a condenser and filter to a paramagnetic oxygen analyser (Taylor Servomex) where it was compared with the input gas. Carbon dioxide was determined in the same effluent gas using an infrared gas analyser (M.S.A., LIRA).
Steady-state. Samples were taken daily and cells were harvested by centrifugation (1500 g, 20 min) and washed twice in distilled water before being dried for 24 h at 95 "C for dry weight measurements. Weekly samples were diluted in quarter-strength Ringer's solution and spread plated on to nutrient agar (Oxoid) followed by incubation at 30 "C for 7 d to check the absence of contaminants. Steady-state, as determined by dry weight, DOT and gas analysis, was:usuallyreached within 24 h of inoculation or change-in dilution rate, but it was maintained for 3 d before experiments were begun.
Challenge by carbon source pulses. Steady-state cultures were challenged by injecting known volumes of 1 M solutions into the fermentation vessel. Ionized solutions, e.g. sodium citrate, were adjusted to pH 6.5 before use.
R E S U L T S
Challenge by carbon source pulses Addition of glucose (final concentration approximately 2 mM) to a steady-state carbonlimited culture caused a rapid decrease in DOT to a new value DOT* (Fig. 1 a) . The time taken for DOT to reach DOT* was less than 2 min, which was within the response time of the oxygen probe, and thus the decrease in DOT on addition of glucose was, for practical purposes, instantaneous.
The difference between saturation DOT and observed DOT, i.e. 4DOT, thus increased and this must represent an increase in respiration rate as K,a was unaltered. After reaching DOT*, the DOT returned to the steady-state level forming a curve, the integrated area of which was constant for equal volumes of added glucose and increased in proportion with (final concentration 2 m) was injected into a previously unexposed culture. (c) Sodium citrate at pH 6.5 (final concentration 2 mM) was injected into a culture previously exposed to citrate.
increased volumes of added glucose. The return to the steady-state level was marked by two oscillations in DOT (Fig. 1 a) . Similar responses were observed when the carbon source added was fructose, mannose, mannitol, glycerol, acetate or pyruvate. Other carbon sources -galactose, sucrose, xylose, succinate, fumarate, malate and glycerol-gave a more gradual decrease in DOT. The corresponding increase in ADOT, slow in comparison with the response time of the probe, must indicate a slowly accelerating respiration rate, i.e. the induction of oxidizing capacity for the substrate. Citrate gave a more complex response consisting of a lag period followed by a slow linear decrease in DOT (Fig. 1 b) , which was studied in more detail.
There was no response to the addition of ammonium, phosphate, magnesium or iron, indicating that these were not limiting for respiration.
Challenge by pulses of citrate When citrate ( 2 mM) was added (Fig. 16) to a previously unexposed culture, after a lag (td), DOT decreased linearly for a time (ti), followed by a return to its original level. Cells
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previously exposed to citrate (Fig. 1 c) showed no detectable lag but an immediate fall in DOT (i.e. within the response time of the probe) to a level (C,) related to the time elapsed since the previous exposure to citrate (tc) and the previous response peak (Cp). This was followed by a linear decline to a minimum value (Cm) and then a return to the steady-state level similar to that observed previously. The slope of the linear decline was the same as for the previously unexposed culture. Increasing the amount of citrate added to the culture increased the integrated area of the response curve in a way similar to that shown for glucose. The lag time, however, remained constant, as did the slope of the response.
The slow linear increase in ADOT in Fig. 1 (b) and in the second part of the response in Fig. 1 (c) indicates that citrate-oxidizing activity was increasing with zero order kinetics, i.e. : Injecting more citrate into the culture as soon as the DOT had returned to its original level caused an immediate increase in respiration rate indicating that the fall in respiration rate after DOT reached a minimum was caused by exhaustion of citrate. This was corroborated by the observation that the area under the response curve was proportional to the amount of citrate added.
Effect of continuous addition of citrate In some experiments, citrate was added to the feed medium at 10% of the glucose concentration so that the culture was exposed continuously to citrate while remaining carbon-limited. When such cultures were challenged no lag was observed, but the usual slow linear increase in ADOT occurred. The slope of the response and its integrated area were similar to those for unexposed cultures.
Eflect of growth rate on induction lag time
Growth rate was varied by changing the dilution rate (D) in the range 0.025 to 0.3 h-l, and the lag time (td) was measured from the chart recorder trace. The results are shown in Fig. 2 , where the reciprocal of the lag time ( l / t d ) is plotted against D, each point being an average of typically four determinations. The experiment was also conducted at zero growth rate using non-growing cells obtained by switching off the medium feed pump and waiting until steady-state DOT was re-established at saturation DOT. Sensitivity was then increased by switching off the air flow as such cultures showed no oxygen uptake. The non-growing cultures showed no response to pulses of citrate even after 4 h, although they responded immediately and characteristically to glucose. Reciprocal td at D = 0 is therefore regarded as approaching zero.
Efect of growth rate on the rate of induction of citrate-oxidizing capacity Although it is possible to estimate the rate of induction of citrate-oxidizing capacity ( I ) from the slope of the trace of the induction response, this requires estimations of K,a for each set of stirring and aeration conditions, because the slope is affected by K,a as well as by the rate of induction. Alternatively, since the amount of citrate utilized (Ac) and the steady-state biomass (2) are known, and since the addition of citrate caused no significant change in Z from the steady-state value, I can be calculated from the induction time (I,), defined as the time from when citrate-oxidizing activity was first observed at the end of the D constant showed that ti was independent of KLa.
At steady-state, X is independent of t, so:
For a previously unexposed culture, A, = 0 and, by definition, Ac = co-c, therefore Figure 3 shows a plot of Z against D demonstrating a linear relationship with higher induction rates at higher growth rates and a positive intercept at D = 0.
Return to the preinduced state
It was observed that the response (C,) of pre-exposed cells to a further citrate challenge was related to the previous response peak (Cp) but decreased with the time elapsed since that peak (t,), see Fig. 1 . The value Cp reflects the maximum citrate-oxidizing capacity reached before citrate became exhausted and Ci represents the residual ci trate-oxidizing capacity at the time of the subsequent challenge. Therefore, the decrease in Cj with increasing time betwecn challenges (to) represents the decay of the citrate-oxidizing capacity in the absence of citrate. The values Cj and Cp are affected equally by KLa and in the plot C,/Cp against t, the effects of KLa cancel and a true decay curve may be obtained. In Fig. 4 a logarithmic plot has been used to demonstrate that this decay is exponential, at a rate approximating in this example to 20 times the dilution rate. Some points on the graph are greater than unity because Ci > Cp when t, is small, that is to say, the induction of citrateoxidizing capacity continues for a short while after the apparent exhaustion of citrate.
Decay rates of citrate-oxidizing capacity at different dilution rates are shown in Fig. 5 ; a small correction has been made to the decay rates by substractingD to allow for the dilution of induced cells by washout. The decay rate generally declines with increasing dilution rate. Precise data could not be obtained on the re-establishment of the lag period. Up to 8 h after a previous exposure to citrate, cells responded to a further challenge without lag. Allowing longer intervening periods showed that lag was re-established gradually, appearing as a small decrease in the initial slope of the early stages of induction. This could not be quantified accurately. The lag was fully re-established after 18 h.
Analysis of fermenter efluent gas
In some experiments the fermenter effluent gas was analysed for oxygen and carbon dioxide during the induction and decay of citrate-oxidizing capacity. In all cases the fall in DOT was accompanied by an increased oxygen uptake and carbon dioxide production, demonstrating that the increases in ADOT were caused by increases in respiration rate and not, for example, changes in K,a.
D I S C U S S I O N
A major advantage of the method of investigating the respiratory activity of continuous cultures described here was the absence of external shocks to metabolism caused by, for example, sampling, centrifugation, washing (Pine, 1970) and temperature changes. The condition of the cells remained constant up to the moment the experiment began and they were at a predetermined growth rate which could be altered to examine its effects. A further advantage, when investigating a system subject to catabolite repression, was that by maintaining the culture carbon-limited catabolite repression was avoided (McGinnis & Paigen 1969 .
Challenge to a carbon-limited steady-state culture of K. aerogenes by the addition of known amounts of carbon source (typically 5 ml of 1 M solution giving a concentration in the culture of approximately 2 mM) led in most cases to immediate increases in respiration Induction and turnover of oxidizing capacity 47 1 rate, reflected in a proportional increase in ADOT. In the case of glucose, the return to steady-state DOT was preceded by two oscillations in accord with the response to glucose pulses reported by Harrison & Maitra (1969) . These presumably represent short bursts of respiration from oxidation of metabolites produced while glucose was in excess (Neijssel & Tempest, 1975) . Citrate gave a different response: a gradually increasing respiration rate after an initial lag. These results correspond with those of Villarreal-Moguel & RuizHerrera (1969) and Davis (1956) who showed that Aerobacter aerogenes metabolized citrate only after a lag which they related to the induction of a permeability system. The system was located on the membrane, contained a protein moiety, was highly specific and required energy for citrate penetration. Its induction required the synthesis of RNA and protein. They concluded that the limiting step for the utilization of exogenous citrate was the synthesis of this specific permeability system. Guerrero-Caballero & Ruiz-Herrera (1 97 1) showed that penetration followed Michaelis-Menten type kinetics and concluded that the system was a permease.
On this evidence, it seems reasonable to assume that the citrate-oxidizing capacity can be equated with citrate permease activity. Thus, the increasing respiration rate can be regarded as reflecting an increasing activity of citrate permease at the cell surface. The major component of the lag time was thus the time required before permease appeared at the cell surface, and the slope of the response in Fig. 1 (b) reflected the rate of production of permease, which we have termed the induction rate. The immediate response in Fig. l(c) reflected the amount of permease remaining from the previous induction.
In cells previously exposed to citrate, citrate permease was induced without lag on further exposure to citrate, even after 8 h when no residual pemease activity could be detected. This absence of lag might have been due to the retention of specific mRNA, but the time required for the re-establishment of lag was much longer than estimates of mRNA lifetime (Adesnik & Levinthal, 1970; Gray & Midgley, 1970; Cybis & Weglenski, 1972; Tarnnesen & Friesen, 1973; Lawther & Cooper, 1975) , which suggest a half-life for mRNA of a few minutes. Alternatively, the abolition of lag might reflect the presence of low activities of residual permease on the cell surface which transported sufficient citrate to act as an inducer but gave undetectable rates of oxidation, previously unexposed cells having no permease. The lag would then represent the time required for passive diffusion of citrate into the cells. However, this was not supported by the fact that lag remained constant for different concentrations of added citrate. Possibly the lag represents the induction of a second transport system with greater sensitivity to citrate but a slower rate, and a much slower decay rate. This would then act as a priming system for the main permease.
In cells previously continuously exposed to citrate there was no lag when extra citrate was pulsed in, but no immediate step increase in ADOT occurred. This may indicate that the amount of permease present was precisely matched to the concentration of citrate a t steady-state so that excess citrate could not be oxidized before the induction of more permease.
The growth rate was shown to affect the induction lag time, the lag being shorter in faster growing cells. The reason that non-growing cells did not induce citrate permease might have been that the lag became infinitely long, rather than the induction rate became zero.
The induction rate reflected the rate of appearance of the permease activity and was shown to be affected by growth rate. Jacob & Monod (1961) predicted that a newly induced protein would be produced as a constant proportion of the total cell protein production; this was in accord with the linear relationship between I and D found here. The implication of a positive intercept at D = 0 was that total cell protein production occurred at zero growth rate, presumably as turnover. This would contribute to the requirement for maintenance energy (Marr et al., 1963; Pirt, 1975) . Total cell protein turnover could not be measured directly using Our system, but could be estimated from an equation derived from Fig. 3 : 
